We have developed a novel rice straw collection system that incorporates compression-grinding method combined with lime treatment for use on rice farms. In this study, we determined the improvement in sugar yield by enzymatic saccharification and in resistance to biological decomposition by processing wet rice straw by using the proposed treatment method. Our proposed pretreatment method for rice straw successfully improved the sugar yield and resistance to biological decomposition. Pretreatment of rice straw by compression grinding combined with lime treatment can be conducted on the farm itself, immediately after harvest. Thus, incorporation of this method for the rice straw collection in bioethanol production may allow for the skipping of conventional drying step on farms and other pretreatment process performed for enzymatic saccharification in plants and for the effective utilization of previously abandoned difficult-to-dry wet biomass as feedstock in bioethanol production. Skipping of these steps would reduce the cost of ethanol production.
Introduction
Rice straw is rich in carbohydrates and can be potentially used for ethanol production in Japan 1) . However, immediately after harvest the moisture content in rice straw is as high as 50% on wet basis (w.b.). To prevent biological decomposition, rice straws are dried to a moisture content of 15% w.b. in farms, after harvest by turning over once or twice to speed up the process. However, sunny weather for several consecutive days is required in this method, after which the dried rice straws are collected as a roll bale. This collection system is costly, which is major obstacle in adoption of this system for commercial bioethanol production from rice straw in Japan 2) . Furthermore, in some regions, especially in Hokkaido and Japan Sea side area of the Tohoku region, the weather conditions are unfavorable for sufficient drying of the rice straw in order to prevent its biological decomposition.
Another problem is high resistance of rice straw to enzymatic saccharification, similar to that observed in other lignocellulosic biomass 3) . Several pretreatment approaches to facilitate enzymatic saccharification of lignocellulosic biomass have been proposed in the literature such as acidic, alkaline, and hydrothermal pretreatments, and ball milling 3) ～ 5) .
Among these, the alkaline pretreatment with lime [Ca(OH)2] has some advantages over other pretreatment methods. The effectiveness of mild lime pretreatment has been reported for herbaceous biomass 5) 6) . In addition, this pretreatment method ca n increase the ef f iciency of enzymatic saccharification even at room temperature 7) 8). Furthermore, as compared to other alkalis such as sodium hydroxide and ammonia, lime is a relatively low-cost and safe reagent 9) 10) .
We have developed a novel system for t he collection and pretreatment of rice straw, which involves compression grinding combined with lime treatment and can be conducted on the farm itself ( Fig. 1 ). This approach involves simultaneous crushing and lime pretreatment for enzymatic saccharification, and the lime pretreatment can be performed without water addition, because wet rice straw contains sufficient moisture 7) . Therefore, some pretreatment process steps performed in ethanol production plant can be omitted. High pH of lime-treated rice straw may prevent its biological decomposition, which allows skipping of the drying step as well as use of wet biomass previously abandoned due to insufficient drying. Thereby, the cost of ethanol production using rice straw as biomass can be reduced by installing the proposed collection system.
In this study, we evaluated the sugar yield by enzymatic saccharification and resistance to biological decomposition by processing wet rice straw immediately after harvest by using the proposed treatment method to validate the abovementioned advantages of this method.
Materials and Method

Materials
Koshihikari and Aichinokaori rice straws were 
Compression grinding combined with lime treatment
One -a x is ext r uder ( Shok usen k i SM-0 5 -1. 5; Shinkozoki, Ogaki, Japan) was used as a compressiongrinding device (Fig. 2, Fig. 3 ). The processed material was pushed ahead by a screw and grinded between the screw and the inner surface. Before extruding from the discharge holes on the die, the material was compressed by rotation of the screw and cut by a cutter.
The clearance between the screw and the inner surface is 2 mm. The screw rotates at 150 rpm and processing speed is 10-20 kg/h. Lime (Wako Pure Chemicals, Japan) was added to the crushed rice straw in a 45-L plastic bag and mixed until the samples turned yellowish 
Sugar analysis
Sugar concentration was determined using a Shimadzu LC-20 HPLC system (Shimadzu Co., Ltd., Kyoto, Japan) equipped with the Sugar SP0810 column (Shoko Co.,
Ltd., Tokyo, Japan) and a refractive index detector, RID-10A
(Shimadzu). The mobile phase was H2O, applied at a flow rate of 1.0 mL/min, and the column temperature was set at 80 °C. Table 2 shows the moisture content of rice straw samples one week after compression-grinding treatment and the amount of 10% H2SO4 used for the pH adjustment.
Results and Discussion
The moisture content of each sample was almost the same as that before treatment. shearing, but also exposed to high pressure. Small water were used for examining the effect of compression grinding, and the last 5 samples were used for examining the effect of lime supplementation.
Enzymatic saccharification
Enzymatic saccharification was performed with this finding is consistent with those reported earlier 5) 6) .
These results indicate that compression-grinding treatment requires at least 10 % lime for efficient sugar recovery rate which is similar to the concentration used for treatment of rice straw with high water content.
Biological decomposition such as contamination with molds was observed in the samples compression- . 4 The glucose and xylose recovery rate from rice straw (Koshihikari) subjected to compression grinding for different time periods after enzymatic saccharification for 72 h. K0C1 represents Koshihikari rice straw subjected compression grinding once without lime supplement. K10C0 represents Koshihikari rice straw subjected to 10% lime treatment at 90 ℃ for 2 h without compression grinding. K10C1 and K10C5 represent Koshihikari rice straw subjected to compression grinding for one and five times, respectively, with 10% lime traetment. Fig. 5 The glucose and xylose recovery rate from rice straw (Aichinokaori) treated with different lime concentrations, after enzymatic saccharification for 72 h. A0C1 represents Aichinokaori rice straw subjected to compression grinding once without lime treatment. A5C1 and A5C5 represent Aichinokaori rice straw subjected to compression grinding for one and five times, respectively, with 5 % lime treatment. A10C1 and A10C5 represent Aichinokaori rice straw subjected to compression grinding for one and five times, respectively, with 10 % lime treatment.
grinded without lime and in the 5% lime-treated samples 1 week after treatment, but no biological decomposition was noted in the 10% lime-treated samples up to 3 months after treatment. In addition, high glucose recovery rate of 10 %-lime-treated samples in enzymatic saccharification tests also indicates resistance to biological decomposition.
10 % lime supplement was found to prevent biological decomposition of rice straw with high water content immediately after rice harvest.
In this study, rice straw samples after compressiongrinding treatment were discharged partly in the shape of pellet (Fig. 6) . Ohnishi et al. 12) examined the condition that results in shaping of wet rice straw into a pellet form by one-axis extruder and found that the sample moisture content and the shape of the discharging hole on the die are important factors that determine the shape. Thus, the rate of sample shaping into a pellet-like form after compressiongrinding treatment can be improved by changing the shape of the discharging hole of compression-grinding device, such as chamfering the inner side of discharging holes. Rice straw shaped into pellet had high density, which can skip the treatment for size reduction to increase the transportation efficiency. Thereby, the collection and transportation of rice straw can be further simplified.
Because the compression-grinding device connected with tractor by power take-off (PTO) shaft has been already commercialized, the compression grinding combined with lime treatment can be performed on the farms with small modifications in the device such as attaching a lime feeder and changing the discharging hole. Fig. 1b depicts our proposed rice straw collection system for bioethanol production, which does not require any prior straw drying.
Pretreatment for enzymatic saccharification was also performed during rice straw collection. Incorporation of proposed compression-grinding treatment can reduce the cost of the ethanol production by avoiding the drying step on farms and some of pretreatment steps in the plant as well as facilitate use of wet biomass previously abandoned because of insufficient drying.
Conclusion
This study proposes a novel compression-grinding method combined with lime treatment as an effective method for the pretreatment of rice straw with the aim to increase the sugar yield by enzymatic saccharification and to increase resistance to biological decomposition. Compression grinding combined with lime treatment can be performed on farms immediately after harvesting the rice. Thus, incorporation of this method into current rice straw collection system for bioethanol production would allow skipping of the conventional drying step and some of pretreatment steps in the plant and make use of the previously abandoned wet biomass as feedstock, which can reduce the overall cost of ethanol production from rice straw.
